Phytophthora capsici Leonian was first described in New Mexico as the causal agent of chili pepper blight (26) and has a wide host range, including pepper, tomato, eggplant, cucurbits, and snap and lima bean (15, 39) . P. capsici infects roots, crown, foliage, and fruit and causes problems worldwide (2, 9, 20, 25, 36, 37) . Epidemics are driven by the asexual life cycle and, during warm and wet conditions, P. capsici produces large numbers of deciduous sporangia. Sporangia can directly germinate and infect plants or release swimming zoospores in water to indirectly infect plants (8, 15) . P. capsici is heterothallic and requires the interaction of two mating types (A1 and A2) to initiate sexual reproduction and produce thick-walled oospores (19) . Oospores survive harsh environments (cold, dry, or fallow periods) for several years (15, 18) .
The phenotypic and genotypic diversity of P. capsici has been investigated at locations worldwide (1, 12, 17, 23, 30, 36, 37) . In North America and South Africa, populations are diverse and outcrossing appears to be common (11, 23, 30) . In North America, the population structure is dynamic. At the beginning of the growing season, diverse isolates initiate epidemics but, as the season progresses, clonal lineages may dominate limited areas (single or nearby fields) (6, 21, 23) . In general, clonal lineages do not appear to persist between years or across wide areas. In South America, the population structure of P. capsici is quite different and, in Peru and Argentina, clonal lineages are found across wide geographical areas (entire countries) and survive for several years (12, 17) .
In China, P. capsici was first reported in Jiangsu province in the 1960s and is now found on pepper, tomato, eggplant, and cowpea across the country (43) . Despite being widespread, the population structure of P. capsici in most areas is unknown (41, 42) . In 2008, 37 P. capsici isolates from eastern China were shown to be all A1 mating types and to have diverse randomly amplified polymorphic DNA (RAPD) genotypes, although the number of unique genotypes was not specified (37) . In Yunnan province, both A1 and A2 mating types were found in some fields and sexual reproduction was predicted (41) . In addition, sensitivity to metalaxyl or mefenoxam has been investigated in different areas of China and the frequency of resistance varies among populations (28, 33) .
Gansu province in western China has several large pepper production farms with different capsicum varieties. It is the most important region for hybrid pepper seed production and the seed is distributed throughout China and exported to foreign countries. In the past decade, capsicum yield has decreased significantly due to P. capsici and, in some cases, farmers have abandoned pepper production due to the intense disease pressure. Various strategies, including fungicides, resistant cultivars, and biological controls, are used to control P. capsici but few are effective under optimal conditions for disease (15) . We are currently conducting a countrywide survey of P. capsici in China to better understand the epidemiology and population diversity. Here, we report metalaxyl sensitivity, mating type, physiological race, and genetic diversity of P. capsici recovered from Gansu province and the implications for disease management.
MATERIALS AND METHODS
Sample collection and storage. From 2007 to 2011, pepper plants with typical symptoms of Phytophthora blight were collected from pepper farms across Gansu province, China (Fig. 1) . The sampling strategy was to collect from as many sites as possible. Isolations were made by removing the epidermis of infected plants, cutting the phloem into small pieces, and plating onto potato dextrose agar (PDA) rifampicin-penicillin-pentachloronitrobenzene (RPP) media. The PDA-RPP media was made by boiling 200 g of potato tubers in distilled water for 15 min and filtering through four layers of cheesecloth. The filtrate was then combined with 18 g of glucose, 15 g of agar, and distilled water to a final volume of 1 liter. The media was autoclaved at 121°C for 20 min and cooled to 60°C before adding rifampicin (98% a.i.) at 50 µg/ml (Tuoyingfang Biotech Co., Ltd., Beijing), penicillin (98% a.i.) at 50 µg/ml (Tuoyingfang Biotech Co., Ltd.), and pentachloronitrobenzene (40% a.i.) at 50 µg/ml (Sanli Chemical Industry Co., Ltd., Shanxi, China). The isolation plates were wrapped with Parafilm and incubated at room temperature (25°C) for 2 to 4 days, and coenocytic hyphae growing from the margin was transferred to new PDA-RPP plates. In all, 1 to 3 isolates were recovered from each plant and single zoospores isolated (34) . For single-zoospore isolation, isolates were grown for 4 days and placed under fluorescent light at 25°C for 4 days to produce sporangia. Sporangia were suspended in 10 ml of sterile distilled water and incubated at 4°C for 30 min and then room temperature for 30 to 60 min to stimulate zoospores production, and 100 µl of the resulting zoospore suspension was spread onto agar plates and incubated for 8 to 12 h in the dark. Single germinating zoospores were visualized using a light microscope and transferred to PDA-RPP plates. For storage, plugs of actively growing mycelium were transferred to 2-ml sterile tubes containing sterile distilled water and stored at 18°C.
Mating type and metalaxyl resistance. Mating type was determined by transferring a 5-mm-diameter plug from a 7-dayold culture to 9-cm-diameter V8-RPP agar plates (160 ml of V8 juice, 18 g of dextrose, and 12 g of agar in a total volume of 1 liter of media amended with rifampicin at 50 µg/ml, penicillin at 50 µg /ml, and pentachloronitrobenzene at 50 µg/ml) and pairing with known A1 and A2 mating types (PCAS1 = A1 and PCAS2 = A2; kindly supplied by Mike Coffey from the University of California, Riverside Collection). Plugs were paired at roughly 2-cm spacing, and plates were incubated in the dark at room temperature (22 to 25°C) for 3 to 5 days and checked for the presence of oospores using a light microscope at ×100 magnification (16) . A χ 2 test was used to test whether the observed ratio of A1/A2 mating types was significantly different from 1:1 in locations where >10 unique multilocus simple sequence repeat (SSR) genotypes were recovered.
Sensitivity to metalaxyl was tested by placing a 5-mm plug from the edge of 7-day-old cultures onto 9 cm PDA-RPP media amended with either no metalaxyl (control), metalaxyl at 5 µg/ml, or metalaxyl at 100 µg/ml (Technical grade 96% a.i.; Agroplex P. Ltd., Beijing). Each combination of isolate and concentration had three replicate plates. All tests were conducted twice. Plates were incubated in the dark at 25°C for 3 to 5 days. The diameter of each colony was measured perpendicularly and averaged to calculate the percentage of growth inhibition. Isolates are considered sensitive if growth on medium amended with metalaxyl at 5 µg/ml was <40% growth of the control, intermediately resistant if growth on medium amended with metalaxyl at 5 µg/ml was >40% growth of control but growth on medium amended with metalaxyl at 100 µg/ml was <40% growth of the control, or resistant if growth on medium amended with metalaxyl at both 5 and 100 µg/ml was >40% growth of the control (4, 13, 32) .
Physiological race identification. Two sets of cultivar differentials were used to characterize physiological races for P. capsici from Gansu province. The first included four cultivar lines previously used to identify races of P. capsici in China (kindly supplied by Dr. Tiancheng Wang at the World Vegetable Center [AVRDC]): 'Early Calwonder' (susceptible), 'PI201234' (resistant), 'PBC137' (partially resistant), and 'PBC602' (partially resistant) (3, 27) . The second included eight recombinant inbred lines (RILs) (NMRIL-A, NMRIL-B, NMRIL-F, NMRIL-G, NMRIL-H, NMRIL-N, NMRIL-X, and NMRIL-Z) previously used to identify 13 physiological races in 17 isolates of P. capsici mostly from New Mexico (kindly supplied by Dr. Paul Bosland at New Mexico State University) (38) .
Pepper seedlings were grown in sterile soil in planting trays composed of 50 cells (cells were 5 by 5 cm) at 25°C in a greenhouse for 3 weeks and inoculated with 3 ml of a zoospore suspension at a concentration of 10 4 zoospores/ml after the plants had been watered. To prevent movement of inoculum between plants, the trays rested on metal screens to allow any excess water or zoospores to drain out the bottom. Zoospores were prepared as described above and the concentration adjusted with a hemacytometer. Each isolate was tested on 10 seedlings per cultivar in a randomized complete block design and each test was conducted twice. Control seedlings were inoculated with 3 ml of sterile water. After inoculation, the trays were placed in a greenhouse and cultivar susceptibility was assessed 10 days after inoculation. For the AVRDC panel, a cultivar was considered susceptible if the percentage of obviously infected plants (browning roots and wilt symptoms) was >20% and resistant if <20% (3, 27) . For the NMRILs, plants with no lesions in the root area were considered resistant and plants with any visible lesions were considered susceptible (38) . Early Calwonder and PI201234 were used as susceptible and resistant controls, respectively. The data was analyzed using SAS (version 9.2 for Windows). A χ 2 test of homogeneity was performed to determine whether the data could be pooled.
Genomic DNA and molecular identification. Mycelium for genomic DNA extraction was prepared by growing isolates on cellophane floating on selective media, as described previously (7). After 7 days, the mycelium was harvested and stored at -20°C. The mycelium was immersed in liquid nitrogen and ground into fine powder using a sterile mortar and pestle and genomic DNA was extracted using a cetyltrimethylammonium bromide procedure as previously described (35) and stored at -20°C.
Isolates were identified as P. capsici using polymerase chain reaction restriction fragment length polymorphism (PCR-RFLP) of the internal transcribed spacer (ITS) region with the restriction enzyme MspI (Sigma-Aldrich Shanghai Trading Co., Ltd., Shanghai, China) as previously described (5). The ITS region was PCR amplified using primers A2 (ACTTTCCACGTGAACCG TTTCAA) and I2 (GATATCAGGTCCAATTGAGATGC) and the resulting PCR amplicon was digested in a 10-µl reaction solution containing 5 µl of the PCR product, 1 µl of MspI, and 1 µl of 10× restriction endonuclease buffer SL (5). Samples were spun for 5 s before incubation at 37°C for 30 min, and the fragments were visualized on a 3% high-resolution agar gel.
SSR markers. Eight previously reported SSR markers were tested on 10 P. capsici isolates recovered from different years and regions in Gansu (30) . The SSR loci were PCR amplified with an
on a 3730XL sequencer (Applied Biosystems, Foster City, CA) and manually scored using Genemarker version 1.70. The SSR bands are designated by their lengths and the allele pairs delimited with the "/" character, with individuals being homozygous (e.g., 150/150) or heterozygous (e.g., 150/156). Genetic similarity was assessed using JMP Genomics 6.0 (SAS Institute Inc., Cary, NC) using the Fast Ward hierarchical clustering to produce a heat map of similarity.
RESULTS
Isolates collection and molecular identification. In total, 279 isolates were recovered from 24 locations in the northwest, central, and southeast regions of Gansu province (Fig. 1) . (Table 1 ). All isolates were confirmed to be P. capsici based on the four major ITS RFLP bands diagnostic for P. capsici (251, 221, 204, and 77 bp) (5) . In addition, all isolates displayed the key morphological characteristics common to P. capsici, including elongated sporangia with prominent papillae on long pedicels and heterothallism. No chlamydospores were observed in culture.
Mating type and metalaxyl resistance determination. A1 and A2 mating types were recovered from each region. Overall, there were 153 (54.8%) A1 and 126 (45.2%) A2 mating types (Table 1) . Both mating types were recovered from nine locations (data not shown). In addition, A1 and A2 isolates were recovered from the same pepper plant at one location. A χ 2 test for mating type using all isolates with unique genotypes indicated that the observed numbers of A1 and A2 isolates meet the expectations for a 1:1 ratio. Only one location had >10 unique genotypes and the A1/A2 ratio at this location deviated significantly from 1:1. The percentages of metalaxyl sensitive, intermediately resistant, and resistant isolates were 55.6, 31.5, and 12.9%, respectively ( Table  1 ). All of the fully resistant isolates, except one, were from two locations in the center and southeast of Gansu.
Physiological race. Isolates unable to produce sufficient zoospores for inoculation were excluded from physiological race characterization (n = 175). In total, 104 isolates were successfully placed into five physiological races (R1, R2, R3, R4, and R5) using four cultivar differentials from AVRDC (Table 2) . Of these, 44 isolates from 18 locations were identified as R3, 26 isolates from 12 locations were identified as R2, 25 isolates from 15 locations were identified as R1, 8 isolates from 6 locations were identified as R5, and a single isolate was identified as R4 (Table 3 ). All races were recovered from multiple years except R4 (Table 3) . Races 4 and 5 were newly identified (3, 27) . Forty-two isolates, representing all five AVRDC races, were tested on the NMRIL panel. All eight of the NMRILs were resistant to all 42 isolates, except a single isolate that was able to infect NMRIL-X (data not shown). SSR diversity. A test of the eight previously reported SSR markers using isolates from Gansu revealed five polymorphic SSR loci (Pcap1, Pcap3, Pcap4, Pcap5, and Pcap7) (30) . In total, 135 isolates (out of the 279 collected) were assessed for SSR genotype and, of these, 127 had amplification of all five loci and were retained for further analyses. The number of alleles varied from 3 to 13 (average of 8) per locus and, in total, 41 alleles were assessed. In total, the five loci resolved 59 unique multilocus genotypes (MLGs), with 42 MLGs present once and the remaining 85 isolates distributed in 17 MLGs with 2 to 13 isolates (Table  4 ; Fig. 2 ). Of the 17 MLGs, 3 were restricted to single locations (Tianshui and Zhangye) and 14 were recovered from 2 to 6 locations (Table 4) (Table 4) .
Genetic similarity analysis grouped unique genotypes into three groups. Within these three groups, isolates had almost exclusively the same mating type (Fig. 3) . All but three isolates in group I were the A2 mating type. Isolates in group II were the A1 mating type, except one isolate in MLG11 with the A2 mating type. Isolates in group III were the A2 mating type, except one isolate in MLG10 with the A1 mating type. The heat plots illustrate the degree of similarity between different genotypes (Fig. 3) . 
a Number of isolates. b Race could not be assigned to all isolates. Race determined using cultivars from the World Vegetable Center (AVRDC). c S = sensitive, IR = intermediately sensitive, and R = resistant. d NW = northwest, C = central, and SE = southeast Gansu province. 
S R S R a S = susceptible and R = resistant phenotype. 
DISCUSSION
Here, we present a detailed characterization of P. capsici on pepper in Gansu province. The population structure proved to be complex and it appears that extensive variation occurs within the context of a limited number of long-lived clonal lineages. Initially, this was not apparent because both mating types were recovered from across the province, within the same fields, and even on the same plant, and isolates exhibited extensive genotypic variation. Both mating types and extensive genotypic variation are Fig. 3 . Heat map and dendrogram illustrating genetic diversity of Phytophthora capsici based on unique simple sequence repeat genotypes recovered from Gansu. Genotypes are labeled with mating type, a multilocus genotype (MLG) identifier with the number of isolates in parentheses, geographical region, and year of collection or "MY" if the genotype was recovered from multiple years. Isolates with the same genotype but different mating type are both listed. Similarity is scaled from the least (white) to the most (black) related. The three proposed clonal lineages are designated as I, II, and III with genotypes designated as circles, diamonds, and squares, respectively. NW = northwest, C = central, and SE = southeast. the hallmarks of populations where outcrossing and sexual recombination play an important role. Nonetheless, the spatial and temporal distribution of identical genotypes and the strong correlation between genetic similarity and mating type indicates that outcrossing is likely uncommon (Table 4 ; Fig. 3 ). Identical genotypes were recovered from diverse locations over 5 years, and strictly defined clonal lineages (those with identical genotypes) are widely distributed and survive extended periods (Table  4) . Although there was extensive genotypic variation, this variation was structured almost exclusively based on mating type (Fig.  3) . In North American P. capsici populations, outcrossing is common and important for survival and there is no correlation between mating type and genetic similarity (6, 11, 22, 23) . The situation in Gansu is similar to populations of P. capsici in Peru and Argentina, where long-lived widely dispersed clonal lineages dominate; however, in these countries, there is often only a single mating type (12, 17) .
Recent research indicates that mating type may be a poor characteristic for describing diversity in P. capsici and that spontaneous mating type changes (particularly A2 to A1 changes) can occur and may be associated with a genetic phenomenon known as loss of heterozygosity (LOH) (24) . Three of the five isolates with mating types different from their group occurred within the context of identical MLGs and it is possible that the underlying mechanism is LOH (Fig. 3) . We have since completed follow-up studies characterizing single zoospore-derived isolates from a subset of the field isolates and found that some A2 isolates can produce zoospore progeny with A1, A2, and A1/A2 (self-fertile) mating type profiles (data not reported). Clearly, this is an area needing further investigation.
Pepper plants are not present in the field year-round in Gansu and it is not clear how the clonal lineages survive or spread. Chlamydospores were not observed in any of the isolates. Isolates may move with infected plant materials, contaminated water, or the frequent exchange of pepper seed. Pepper seed is an important product in Gansu and some researchers suggest that spread of pepper seed may be an important means for P. capsici dispersal (21, 26, 40) . Host material is absent from fields during the winter months and seed possibly provides a mechanism for survival. The potential role of seed in movement and survival needs further evaluation. The survival of clonal lineages across several years may be due to the planting strategies in some locations where pepper plants are grown in the field during the summer and in the greenhouse during the winter, potentially providing access to host material year round. At this point, the incidence of pepper blight during the winter season in the greenhouse is unknown and further investigations are warranted.
Of the 24 farms sampled, only 2 had a high proportion of metalaxyl-or mefenoxam resistant isolates. This is not surprising because most farms are extensively managed by farmers and metalaxyl-or mefenoxam-containing fungicides are generally not used. The large pepper farms in Wuwei and Tianshui with a higher proportion of resistant isolates develop new capsicum varieties and fungicides are applied frequently. Because many areas have sensitive isolates, mefenoxam or metalaxyl fungicides may be useful, although fungicide rotation using chemistries with different modes of action should be used to slow the inevitable development of resistance (29, 31) .
Isolates within the same group and identical genotypes had different physiological races, suggesting that different virulence phenotypes are evolving within clonal lineages. High virulence diversity in clonal lineages had also been reported in other Phytophthora spp., and future studies on effector genes and their dynamics, particularly in field scenarios, may be useful (10, 14) . All eight NMRILs were resistant to a diverse array of isolates of P. capsici from Gansu province. Although more work is needed, it appears that resistance carried by the NMRILs may be useful for developing cultivars useful for managing P. capsici in Gansu.
We are currently analyzing the Gansu isolates and a larger collection of P. capsici from across China using a large panel of single-nucleotide polymorphism markers distributed across the P. capsici genome. Although the work is still in progress, the trends for the isolates from Gansu are the same (e.g., three genetically diverse clonal lineages are dominant). Future work will focus on measuring the frequency and extent of mitotic variation under differing cropping systems and differing selection pressures (e.g., fungicides) and identifying the genes or polymorphisms underlying functional diversity.
